Introduction
============

Nimodipine (NMP) is a second-generation molecule of 1,4-dihydropyridine calcium channel antagonists that effectively reduces blood pressure via the expansion of cerebral blood vessels. NMP exerts a significant effect on the reduction of spasticity of cerebral blood vessels and the treatment of ischemic and hemorrhagic cerebrovascular diseases.[@b1-ijn-12-3407],[@b2-ijn-12-3407] Currently, the commercial formulations of NMP notably consist of tablets, capsules, sustained release agents and injectable formulations. Oral administration of NMP can be rapidly absorbed, although the absolute bioavailability is estimated from 3% to 28%[@b3-ijn-12-3407] that seriously affects the treatment. As a result, the use of injectable formulations is more extensive in the clinical application. Although NMP is an insoluble drug, ethanol, polyethylene glycol 400 and water are used as solvents in an effort to increase its solubility. The addition of physiological saline and/or glucose solution with NMP can cause the precipitation of the drug in the form of crystals and induce vein inflammation associated with irreversible damage to the limbs.[@b4-ijn-12-3407],[@b5-ijn-12-3407] This formulation should be avoided for intravenous injection of NMP.

Recently, several new technologies and methods, such as emulsion, liposome, nanoparticle suspension and polymer micelle, have been widely used as a putative carrier of the insoluble form of NMP.[@b6-ijn-12-3407] Emulsion has been shown to increase the solubility of the drug, reduce the adverse reactions and enhance the effects of targeted and sustained release of the drug compared with liposomal, microencapsulated and other particle formulations.[@b7-ijn-12-3407],[@b8-ijn-12-3407] It can significantly improve the clinical efficacy of NMP.[@b7-ijn-12-3407],[@b8-ijn-12-3407] More importantly, several intravenous emulsion products are present in the commercial market, namely, lipid injectable emulsion, phytonadione injectable emulsion and propofol injectable emulsion, demonstrating that this formulation satisfies the technical conditions for large-scale production and clinical application.

In the present study, emulsion was selected as the vehicle for NMP, which could effectively avoid the disadvantages of commercial injection. Since emulsion is considered thermodynamically unstable, the concomitant physical and chemical stability of the emulsion must be considered in the research and development of NMP emulsion. The optimal formulation and technology of NMP emulsion has been established on the basis of its physical stability, via specific univariate and orthogonal tests.[@b9-ijn-12-3407] The chemical stability notably depends on whether the active pharmaceutical ingredient (API) degrades in the process of manufacture, transportation and storage,[@b10-ijn-12-3407] resulting in the generation of impurities.

Impurities are referred to the products that exhibit homologous structure with API with different pharmacological properties and effects. In certain cases, impurities can further exert a toxic effect. The types of impurities of different NMP formulations are numerous due to the synthetic process of API, prescription and technology of the formulation as well as the conditions for storage and transport.[@b11-ijn-12-3407] In contrast to these observations, the content of impurities is used as a marker to further optimize the prescription and technology of NMP emulsion. This in turn reduces the generation of impurities and decreases the adverse reactions associated with the clinical application.[@b12-ijn-12-3407],[@b13-ijn-12-3407]

According to the European Pharmacopoeia, three impurities of NMP have been recorded, including impurities A, B and C, whose molecular structures are shown in [Figure 1](#f1-ijn-12-3407){ref-type="fig"}.[@b14-ijn-12-3407] Impurity A has demonstrated liver and kidney toxicity that should be strictly controlled by limiting the percentage of this compound to 0.5% (c/c).[@b15-ijn-12-3407] To date, previous studies on the impurity of NMP have investigated the stage of quantitative detection.[@b16-ijn-12-3407],[@b17-ijn-12-3407] The studies that have been conducted lack investigation of the factors that result in an increase in the impurities of NMP and the examination of valuable methodologies for its protection.

The chemical structures of NMP and impurity A were analyzed, and it was reported that the difference between the two substances was the transformation of the 1,4- dihydropyridine ring of the NMP into the pyridine ring of impurity A.[@b18-ijn-12-3407] This caused an oxidation reaction. Destructive testing of NMP emulsion and NMP API were conducted, including acid--base treatment, oxidation and temperature and light damage in order to investigate the nature of the conditions that could promote the degradation of NMP.[@b19-ijn-12-3407],[@b20-ijn-12-3407] The protection of NMP usually involves the following two aspects: the reduction of the exposure to adverse environments, such as the adjustment of the potential of hydrogen (pH) value, and the stability exhibited in adverse environments such as in the presence of protective reagents.

Prior to the investigation of the type and dosage of the protective agents, the content of impurities in oil and/or aqueous phases should be initially determined by ultrafiltration centrifugation,[@b21-ijn-12-3407] since the encapsulation efficiency of the drug in the emulsion cannot reach the levels of 100%.[@b22-ijn-12-3407],[@b23-ijn-12-3407] This determines the addition of protective agents and narrows the investigation scope of the study. The factors that promote the generation of impurities of NMP can be identified, and the effective ways to protect NMP in emulsion can be implemented by comprehensive analysis of the chemical structure of NMP and impurity A, as well as the results of the destructive testing. The protective methods provide guidance for all NMP preparations and for the control of impurities in the case of oxidizable drugs.

Materials and methods
=====================

Materials
---------

Materials included NMP (purity was ≥98.9%); NMP emulsion (in-house production); sodium bisulfite, sodium thiosulfate and sodium metabisulfite (Guangzhou Chemical Reagent Factory); amino acids (Shanghai McLean Biochemical Technology Co., Ltd.); sodium hydroxide solution (0.1 mol/L; laboratory made); hydrochloric acid solution (0.1 mol/L; laboratory made); acetic acid solution (0.1 mol/L; laboratory made); ethylenediamine solution (0.1 mol/L; laboratory made); potassium hydroxide solution (0.1 mol/L; laboratory made); distilled water (Guangzhou Watsons Food & Beverage Co., Ltd.) and methanol and acetonitrile (German Merck Company). Methanol and acetonitrile were of high-performance liquid chromatography (HPLC) grade. All other chemicals were of analytical grade.

Methods
-------

### Destructive testing of NMP emulsion and NMP API

A total of 1 mL of NMP emulsion was treated with 1 mL of hydrochloric acid solution (1 mol/L), 1 mL of sodium hydroxide solution (1 mol/L) and 1 mL hydrogen peroxide solution (3%) at 90°C for 10, 15, 20, 25, 30 and 35 min, respectively, in order to identify the degradation rate of NMP emulsion under different destructive conditions. A total of 1 mL of NMP emulsion was respectively destroyed under temperature conditions of 120°C at the time periods of 1, 2, 3, 4, 5 and 6 h and under 4500 Lx (LS-3000 light tester; Beijing Star Tech Co., Ltd.) at the time periods of 6, 6.5, 7, 7.5, 8 and 8.5 h.

Following destruction, the samples that were treated under acid and base stress conditions were neutralized with additions of the same volume and concentration of base and acid prior to the HPLC-ultraviolet (UV; Agilent 1260, G1311C quaternary pump; G1329B standard autosampler; G1314F variable wavelength UV detector) analysis. Subsequently, the destructive conditions at which the peak area of NMP decreased by 10% were applied to the NMP API. The chromatographic conditions that were set up in the preliminary study for the determination of impurities are as follows. The chromatographic column used in the present study was a ZORBAX SB-C~18~ (4.6×150 mm, 5 μm; Agilent). Water, acetonitrile and methanol were used as mobile phase constituents at a ratio of 40:45:15. All separations were conducted at a column temperature of 40°C using a 1.0 mL/min flow rate and a 10 μL injection volume. The data were acquired at 227 nm, and the total run time was 30 min.

### Study of pH value

According to the instructions of the manufacturer's product specifications in the "Destructive testing of NMP emulsion and NMP API" section, NMP could be destroyed in basic conditions; thus, the adjustment of the pH value was a prerequisite for the reduction of the exposure to a basic environment. The NMP emulsion was acidic during preparation, and sodium hydroxide solution was notably used in order to adjust the pH to basic levels, since the pH value of the emulsion would decrease by 1--2 units following sterilization, whereas a low pH value would result in stratification of emulsion. Consequently, the pH values of the aqueous phase, coarse emulsion and final emulsion were adjusted to 7.0, 7.2, 7.5 and 8.0, with the addition of sodium hydroxide solution (0.1 mol/L) using a pH meter (pHS-2F; ShanghaiRex-Chongyi Instrument Co., Ltd.). The amount of impurities of emulsion was measured in order to determine the optimum pH value of these three stages.

### Ultracentrifugation of NMP emulsion

A total of 0.5 mL of NMP emulsion prior to sterilization was added into ultrafiltration tubes (molecular weight cutoff of 10 K) and centrifuged at 4,000 rpm/min for 10 min in a high-speed centrifuge (3--30 K; German Sigma Corporation). Following centrifugation, an equal volume of distilled water was added in the filter tube according to the volume of the aqueous phase produced in the centrifugal casing. The centrifugation process was repeated four times. The aqueous phase comprised the supernatant in the centrifugal casing, and the oil phase was retained in the filter tube. Finally, the same volume of distilled water was added in the oil phase and mixed well to ensure that the concentration of NMP in the oil phase did not change. The oil and aqueous phases were sealed in ampoules under high temperature and pressure in order to remain sterile. The NMP emulsion following sterilization was also further centrifuged to separate the oil and water phases. The contents of impurities of the oil phase, aqueous phase and emulsion prior to and following sterilization were sequentially measured by HPLC-UV.[@b24-ijn-12-3407]

### Study of antioxidants

According to the "The Latest National Standards Handbook of Pharmaceutical Excipients", the commonly used antioxidants include sodium bisulfite, sodium metabisulfite, sodium thiosulfate and amino acids. Their corresponding dosages are usually in the range of 0.10%--0.20% (m/v%). The method was conducted according to the "Ultracentrifugation of NMP emulsion" section, and each antioxidant was successively added into the aqueous phase at a dosage of 0.1% (m/v%) in order to prepare the NMP emulsions. The corresponding impurities were measured in order to select the most suitable antioxidant.

The pH value required for the emulsion process that contained sodium bisulfite, sodium metabisulfite or sodium thiosulfate was adjusted according to the "Study of pH value" section. Since amino acids possess --NH~2~ and --COOH groups and exhibit a cushioning effect, the method provided in the "Study of pH value" section may not be fully applicable. The fluctuation in the pH value from the aqueous phase to the coarse emulsion and to the final emulsion was determined based on the emulsion containing methionine. This measurement aimed to elucidate how emulsions containing amino acids can modify the pH value. Subsequently, the pH of the aqueous phase was adjusted with additions of sodium hydroxide solution (0.1 mol/L) and/or hydrochloric acid solution (0.1 mol/L) according to the acidic and/or basic characteristics of the amino acid used.

### Study of pH-adjusting agent and pH value

#### pH-adjusting agent

Based on the reference to "Recent National Standards Handbook of Pharmaceutical Excipients", the pH-adjusting agents are separated into two types, including inorganic and organic compounds. The compounds sodium and potassium hydroxide were selected as inorganic bases, whereas ethylenediamine was selected as an organic base. In addition, hydrochloric acid was selected as an inorganic acid and acetic acid as an organic acid. The aforementioned compounds were used to adjust the pH value of NMP emulsion, since they fulfilled the following requirements: miscibility with water, withstand of high temperature and pressure, steam sterilization and applicability in injection.[@b25-ijn-12-3407]

Cysteine (acidic amino acid) was used as an example, and three identical NMP emulsions were prepared by pH adjustment with sodium hydroxide, potassium hydroxide and ethylenediamine solutions, respectively. A second methodology utilized histidine (basic amino acid), and two identical NMP emulsions were prepared by pH adjustment with hydrochloric acid and acetic acid solutions. All the solutions of the pH-adjusting agents were used at the concentration of 0.1 mol/L. The content of impurities in the emulsions was measured in order to determine the suitability of the pH-adjusting agents.

#### pH value

Based on the results presented in the "Study of antioxidants" section, leucine, serine, asparagine, proline and lysine exhibited optimal antioxidative effect among the antioxidants investigated. According to the acidic and/or basic characteristics of these five amino acids, the pH of the aqueous phases was adjusted to 7.0, 7.2, 7.5, 8.0 and 8.5, respectively, by addition of acetic acid (1 mol/L) and/or ethylenediamine solutions (1 mol/L). The optimum pH range was determined via the measurement of the impurities of emulsions.

### Study of compound antioxidants

Based on the aforementioned studies, the selection of the optimal antioxidants required for impurity reduction in emulsions was focused on lysine and leucine.

The amino acids were added into the NMP emulsion at a ratio of 1:1 and at a total dosage of 0.05%, 0.1% and 0.2%, respectively. According to the amount of impurities in the NMP emulsion, the optimal total dosage was used in order to further study the antioxidative effects of the two amino acids under nine different ratios.

### Determination of content of impurities in NMP emulsion

Following a series of research, the best method to reduce the content of impurities in the NMP emulsion was as follows: the addition of 0.04% lysine and 0.06% leucine in the aqueous phase and the adjustment of the pH value to the range of 7.5--8.0 with acetic acid solution (0.1 mol/L). In order to demonstrate the reproducibility and efficiency of this protective method, six NMP emulsions were prepared using the aforementioned method and their content of impurities was measured. The relative standard deviation (RSD) values of the content of impurities A and C were calculated.

Results
=======

Destructive testing of NMP emulsion and NMP API
-----------------------------------------------

Following a series of destructive testing, the destructive principle of NMP emulsion under each condition was obtained and is summarized in [Figure 1](#f1-ijn-12-3407){ref-type="fig"}. The data indicated that the degradation rate of NMP in the emulsion reached a plateau following a decrease by 10% of the peak area of the NMP, in response to basic conditions. The conditions that could cause a decrease by 10% in the peak area of NMP prior to and following the destruction were as follows: 1) acid: 1 mL hydrochloric acid solution (1 mol/L) was used for destruction at 90°C at a time duration of 25 min; 2) base: 1 mL sodium hydroxide solution (1 mol/L) was used for destruction at 90°C at a time duration of 20 min; 3) oxidation: 1 mL hydrogen peroxide solution (3%) was used for destruction at 90°C at a time duration of 25 min; 4) temperature: destruction at 120°C for 4 h and 5) light: destruction at 4500 Lx for 8 h ([Figure 2](#f2-ijn-12-3407){ref-type="fig"}). The aforementioned destructive characteristics of acidic and basic conditions, oxidation, temperature and light were applied to NMP API, and its degradation rate was 15.31%, 51.5%, 15.51%, 11.14% and 12.89%, respectively. The degradation rates observed were considerably greater than those noted during NMP emulsion, notably in the presence of a basic environment. Therefore, a preliminary estimate could be drawn regarding the basic condition that would accelerate the degradation of NMP and exert a significant influence on the generation of the impurities.

Study of pH value
-----------------

With the change in the pH value of the aqueous phase, coarse emulsion and final emulsion, the contents of impurity A and impurity C in emulsion varied. The data indicated that the generation of impurities could be effectively controlled when the pH value was adjusted to 7.5, 7.2 and 7.0 for the aqueous phase, coarse emulsion and final emulsion, respectively. Following statistical analysis, the consumption of sodium hydroxide solution (1 mol/L) was estimated to be 1 mL ([Figure 3](#f3-ijn-12-3407){ref-type="fig"}).

Ultracentrifugation of NMP emulsion
-----------------------------------

The increased percentage of impurity A in the aqueous phase was greater compared with that noted in the oil phase, as demonstrated by the increased percentage of impurities of oil and aqueous phases prior to and following sterilization. Consequently, the degradation of NMP notably occurred in the aqueous phase, and it was suggested that the antioxidants should be added in the aqueous phase in order to facilitate the protection of NMP ([Table 1](#t1-ijn-12-3407){ref-type="table"}).

Study of antioxidants
---------------------

### Sodium bisulfite, sodium metabisulfite and sodium thiosulfate

Following sterilization, the emulsion with sodium thiosulfate as an antioxidant was stratified since the latter was the only soluble compound in the basic condition. The pH value of NMP emulsion following sterilization reduced to a value of \~5, whereas the acidic environment caused precipitation of the antioxidant that resulted in the stratification of emulsion. Thus, an unexpected result was observed regarding the content of impurity A that was greater than the emulsion in the absence of antioxidant compared with the antioxidative effect of sodium bisulfite and sodium metabisulfite. The consumption of sodium hydroxide solution (1 mol/L) was estimated to range between 4 and 5 mL ([Table 2](#t2-ijn-12-3407){ref-type="table"}).

### Amino acids

The pH value of the emulsion with methionine was reduced to 0.2, following sterilization compared with that noted in the aqueous phase that demonstrated that the amino acid acted as a buffer. Taken collectively, the findings suggested that the minimum amount of impurity was produced when the pH value of the final emulsion was adjusted to 7.0. As a result, the emulsion with methionine was solely required to adjust the pH value of the aqueous phase to 7.2, which ensured that the emulsion retained a stable state during the preparation ([Table 3](#t3-ijn-12-3407){ref-type="table"}).

Preliminary experiments indicated that the content of impurities of emulsions containing different amino acids was calculated at the fixed amount of 0.1%. Statistical analysis revealed that the consumption of sodium hydroxide solution was \~0.2--0.5 mL, while five out of 21 amino acids exhibited favorable antioxidant effects, including leucine, serine, asparagine, proline and lysine ([Table 4](#t4-ijn-12-3407){ref-type="table"}).

Study of pH-adjusting agent and pH value
----------------------------------------

### pH-adjusting agent

The content of impurities of the emulsion that contained cysteine depended on the different types of pH-adjusting agents that were used. The results indicated that the content of impurities of emulsion using sodium hydroxide and/or potassium hydroxide solutions as pH-adjusting agents was similar, but this effect was greater compared with that noted with ethylenediamine solution. The content of impurities of the emulsion that contained histidine and hydrochloric acid solution as pH-adjusting agents was greater compared with that noted using acetic acid solution. The hydroxyl group in the molecule of sodium hydroxide and/or potassium hydroxide promoted the degradation of NMP, while the combination of the organic base and the acid was more suitable for the adjustment of the pH value compared with the combination of the inorganic base and the acid ([Table 5](#t5-ijn-12-3407){ref-type="table"}).

### pH value

The content of impurities of emulsions was affected by the antioxidants and the pH value. The use of lysine and/or leucine as antioxidants reduced the content of the impurities of emulsion to minimal levels when the pH value of the aqueous phase was adjusted to a range of 7.5--8.0 ([Figure 4](#f4-ijn-12-3407){ref-type="fig"}).

Study of compound antioxidants
------------------------------

The effects of the total dosage of antioxidants and the proportion of lysine and leucine in the impurities of the NMP emulsion were investigated under a pH range of 7.5--8.0. The contents of impurity A and impurity C were \<0.5% when the total dosage of lysine and leucine was 0.1%. The proportion of lysine and leucine was investigated at the dosage of 0.1%, and the results indicated that the content of impurity A was different, whereas the content of impurity C was approximately constant. The contents of impurity A and impurity C exhibited the lowest percentages at a 4:6 proportion of lysine and leucine that was in compliance with the regulation regarding single impurities of the "Technical guidelines to research impurities of chemicals"[@b26-ijn-12-3407] ([Table 6](#t6-ijn-12-3407){ref-type="table"}).

Determination of content of impurities in NMP emulsion
------------------------------------------------------

As shown in [Table 7](#t7-ijn-12-3407){ref-type="table"}, the contents of impurities A and C in six NMP emulsions are \<0.5%, which proved that this method could play an excellent role in the protection of NMP emulsion. The RSD values of the contents of impurities A and C were both \<2%, which demonstrated that the reproducibility of this protective method was good.

Discussion
==========

NMP emulsion exhibits a broad commercial application with regard to the high incidence of cerebrovascular disease, due to the optimal clinical benefit by NMP and the advantages conferred by the emulsion process. The control of the impurities of the NMP emulsion is considered a critical and laborious task. In contrast to previous studies that examined the quantitative determination of NMP impurities, the present study investigated the factors that are associated with the production of impurities and highlighted protective methods for their control.

The differences between NMP and impurity A were analyzed with regard to the chemical structures of these compounds, and the results indicated that the production of impurity A by NMP was based on an oxidation reaction.

In order to identify the conditions that would facilitate the degradation of NMP, the destructive testing of NMP emulsion and NMP API were conducted. The degradation rate of NMP in the emulsion was proportional to the destructive time under the basic conditions ([Figure 2](#f2-ijn-12-3407){ref-type="fig"}). The degradation rate of NMP API was \>10%, notably under the basic conditions that resulted in a decrease in emulsion by 10%. This indicated that the emulsion played a protective role for NMP via the retention of the latter in the oil phase. Thus, it could be concluded that the degradation of NMP was accelerated by oxidative and basic conditions.

Based on the aforementioned findings, the protection of NMP was conducted by two methods. First, the pH values of the aqueous phase, coarse emulsion and final emulsion were adjusted in order to reduce the explosion of NMP emulsion to an adverse pH environment.

The minimum content of impurities was obtained when the pH values of the aqueous phase, coarse emulsion and final emulsions were adjusted to 7.5, 7.2 and 7.0, respectively, which indicated that when the environment was stabilized at or close to a neutral state, the emulsion would protect NMP from degradation in the presence of sodium hydroxide solution ([Figure 3](#f3-ijn-12-3407){ref-type="fig"}).

Second, antioxidants were added for the reduction of the extent of the oxidative environment. NMP was degraded in the aqueous phase of emulsion, as demonstrated by ultra-centrifugation of the NMP emulsion, whereas antioxidants were soluble in the aqueous phase. Sodium bisulfite, sodium thiosulfate, sodium metabisulfite and amino acids are water-soluble antioxidants and have been taken into consideration in this research as stated in the The Latest National Standards Handbook of Pharmaceutical Excipients. The content of impurities of emulsion with sodium bisulfite and/or sodium metabisulfite was considerably greater compared with the emulsions that contained amino acids as antioxidants ([Tables 2](#t2-ijn-12-3407){ref-type="table"} and [4](#t4-ijn-12-3407){ref-type="table"}). A possible explanation for this result could be that an approximate volume of 4--5 mL (0.1 mol/L) of sodium hydroxide solution was required for the emulsion containing sodium bisulfite and/or sodium metabisulfite when the pH values of the aqueous phase, coarse emulsion and final emulsion were adjusted to 7.5, 7.2 and 7.0, respectively. With regard to the emulsions containing amino acids, the volume of sodium hydroxide solution used to adjust the pH was approximately estimated at the range between 0.2 and 0.5 mL, since amino acids exhibited buffering action.

The antioxidative effect of the amino acids was attributed to the amino group (--NH~2~),[@b27-ijn-12-3407] yet the effect noted was uneven, and among the various amino acids tested, leucine, serine, asparagine, proline and lysine demonstrated the best antioxidative effect. Analysis of the content of impurities in NMP emulsion in the presence of different amino acids demonstrated that the difference in electron density of the amino group (--NH~2~) could result to various antioxidative effects. The higher the density, the better the effect and the less the production of impurities in the NMP emulsion.

With regard to the electron density analysis of the amino group (--NH~2~), the 21 amino acids were classified into two categories according to the properties of the side groups, namely, electron-donating and electron-withdrawing groups. The side groups of aspartate and glutamate were electron-withdrawing group due to the presence of the carboxyl group, and the electron density of the amino group (--NH~2~) was low, resulting in a weak antioxidative effect. However, the effect of glutamate was greater compared with aspartate, since the length of the intermediate chain between the chiral carbon and the side group was different. The electron-withdrawing effect of carboxyl group was weakened, due to the length of the intermediate chain of glutamate that was longer compared with that of aspartate.

The remaining amino acids could be further classified into four subcategories based on the length of the intermediate chain. First, with regard to glycine, alanine, serine and threonine, no connecting links were present, but the hydroxyl group was more potent than the alkyl group and the side groups of serine and threonine were branched. As a result, the antioxidative effect of the amino acids could be categorized in terms of potency as follows: threonine \> serine \> alanine \> glycine. Second, the intermediate chain of the amino acids methionine and glutamine exhibited two carbon atoms and the strength of the electron-donating groups was similar, resulting in a similar potency of antioxidative effect. Furthermore, the intermediate chain of the amino acids arginine, lysine and proline exhibited three or more carbon atoms, and although the electron-donating potency of the lysine amino group was greater than that of the arginine guanidine group, the intermediate chain of lysine was longer than that of arginine, which resulted in a similar antioxidative effect. With regard to proline, the intermediate chain formed a ring with the amino group that facilitated the delivery of electrons. In addition, the intermediate chain of the remaining amino acids contained one carbon atom and their antioxidative effect could be analyzed in a similar way.

The volume of the side group of tryptophan, phenylalanine, histidine and tyrosine was considerably large that blocked the transmission of electron clouds, whereas cysteine exhibited the lowest antioxidative effect compared with the other amino acids due to its instability.

Following the aforementioned analysis, four major factors that may affect the electron density of the amino group (--NH~2~) were confirmed and summarized as follows: The properties of the side groups: the electron density of the amino group (--NH~2~) increased in the presence of an electron-donating side group. The potency of the common electron-donating groups was as follows: amino, hydroxy, alkoxy \> ester group and aminoacyl, guanidino \> alkyl group. The electron density of the amino group (--NH~2~) decreased in the presence of an electron-withdrawing group, such as carboxyl, aldehyde and acyl groups.The length of the intermediate chain between the chiral carbon and the side group: the electron-donating effect was weakened, as the length of the chain increased. In the case of no connecting link (the shortest), the effect was substantially reduced.The branch of the side group: the electron density around the amino group (--NH~2~) increased when the side group was branched.The volume of the side group: the larger volumes of the side group exhibited greater steric hindrance, which could in turn block the transmission of the electron cloud.

The dosage of sodium hydroxide solution in the NMP emulsion appeared to correlate with the content of impurities, as demonstrated by the analysis of the two protective methods ([Table 8](#t8-ijn-12-3407){ref-type="table"}). The amount of impurities may be affected by the addition of sodium hydroxide solution, but the use of organic lysine may control the production of impurity A by increasing the pH value of the emulsion. As a result, the basic environment influenced the production of impurities, while it depended on the increase in the pH value of the emulsion.

The ethylenediamine compound in combination with potassium hydroxide was selected as a pH-adjusting agent for the comparison with sodium hydroxide. Both compounds produced base by their corresponding --NH~2~ and --OH functional groups. The basic conditions produced by sodium hydroxide and/or potassium hydroxide promoted the generation of impurities, while this effect was not observed in the presence of ethylenediamine. The data further demonstrated that the destructive effect was associated with the free hydroxyl group ([Table 5](#t5-ijn-12-3407){ref-type="table"}). These findings indicated that the preliminary estimation regarding the accelerated degradation of NMP by the basic conditions was invalid, since the basic reagent used in the destructive testing was the sodium hydroxide solution. This conclusion suggested that other type of reagents should be used for verification during acidic, basic or oxidative destruction in order to establish a complete understanding of the factors that affect the drug degradation.

The organic base was shown to possess greater efficacy in stabilizing the NMP compared with the inorganic base, as demonstrated by the results obtained from the experiments with sodium hydroxide, potassium hydroxide and ethylenediamine. In order to confirm this hypothesis, the comparison between hydrochloric acid (inorganic acid) and acetic acid (organic acid) as pH-adjusting agents was conducted, and the data demonstrated that the organic acid was more efficacious for the stability of NMP compared with the inorganic acid. Consequently, the use of organic compounds as pH-adjusting agents was more suitable for NMP emulsion.

The five amino acids that exhibited the greatest antioxidant efficacy, namely, leucine, serine, asparagine, proline and lysine, as demonstrated by the follow-up study, were selected in the presence of ethylenediamine (0.1 mol/L) and/or acetic acid solutions (0.1 mol/L) in order to adjust the pH value according to the acidic and/or basic characteristics of the amino acids. The emulsion with leucine or lysine exhibited the least amount of impurities under the pH range of 7.5--8.0, which demonstrated that the basic condition was incapable of promoting the degradation of NMP ([Figure 4](#f4-ijn-12-3407){ref-type="fig"}).

Following the selection of lysine and leucine as compound antioxidants for the NMP emulsion, studies were conducted in order to determine the effective dose and proportion required for the emulsion process. The content of impurities was the lowest when the total amount of antioxidants was used at a concentration of 0.1% (m/v%) and the proportion of lysine and leucine was 4:6 ([Table 6](#t6-ijn-12-3407){ref-type="table"}).

An appropriate antioxidant and pH-adjusting agent should be selected according to the chemical structure and destructive testing of the drug in order to exert the optimal protective effect.

Conclusion
==========

The degradation of NMP in emulsion was inherently connected to the oxidative conditions, notably in the aqueous phase and/or occurred in the presence of an inorganic pH-adjusting agent and antioxidants. The impurities of NMP emulsion could be controlled by the addition of suitable antioxidants in the aqueous phase and the adjustment of the pH value with organic base (ethylenediamine) and/or acid (acetic acid). Organic antioxidants, notably the amino acids with appropriate length of intermediate chain and electron-donating side groups, revealed optimal antioxidant effects compared with inorganic antioxidants. Consequently, the addition of 0.04% lysine and 0.06% leucine in the aqueous phase and the adjustment of the pH value to the range of 7.5--8.0 with acetic acid solution (0.1 mol/L) were highlighted as the best protective method for the NMP emulsion. The aforementioned findings suggest an important guidance for all NMP preparations, as well as other oxidizable drugs, to control the production of impurities.
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![The chemical structure of emulsion and its impurity: (**A**) NMP, (**B**) impurity A, (**C**) impurity B and (**D**) impurity C.\
**Abbreviation:** NMP, nimodipine.](ijn-12-3407Fig1){#f1-ijn-12-3407}

![Destructive principle of NMP emulsion: (**A**) acid, (**B**) base, (**C**) oxidation, (**D**) temperature and (**E**) light.\
**Abbreviation:** NMP, nimodipine.](ijn-12-3407Fig2){#f2-ijn-12-3407}

![The effect of pH value of aqueous phase/coarse/final emulsions on the impurities A and C: (**A**) impurity A and (**B**) impurity C.\
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![The content of impurities of emulsion containing different amino acids under different pH values: (**A**) impurity A and (**B**) impurity C.\
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###### 

The increased percentage of impurities of oil phase/aqueous phase/emulsion prior to and following sterilization

  Measurement object   Increased percentage of impurities before and after sterilization   
  -------------------- ------------------------------------------------------------------- -------
  Oil phase            0.091                                                               0.04
  Aqueous phase        0.407                                                               0.05
  Total                0.498                                                               0.09
  NMP emulsion         0.4839                                                              0.095

**Abbreviation:** NMP, nimodipine.

###### 

The content of impurities of emulsions with sodium bisulfite and/or sodium thiosulfate

  Antioxidant (0.1%)     Impurity A (%)   Impurity C (%)
  ---------------------- ---------------- ----------------
  Sodium bisulfate       20.188           0.299
  Sodium metabisulfite   22.815           0.306

###### 

The fluctuation of pH value of emulsion in the presence of methionine and in the absence of amino acids

  pH                   Aqueous phase   Coarse emulsion   pH value          Final emulsion   pH value          Emulsion after sterilization
  -------------------- --------------- ----------------- ----------------- ---------------- ----------------- ------------------------------
  With methionine      7.5             7.4               Left untreated    7.3              Left untreated    7.3
  Without methionine   7.5             6.0               Adjusted to 7.2   6.0              Adjusted to 7.0   5.3

**Abbreviation:** pH, potential of hydrogen.

###### 

The amount of impurities in emulsions containing different amino acids

  No   Amino acids     Structure   Impurity A (%)   Impurity C (%)
  ---- --------------- ----------- ---------------- ----------------
  1    Glycine                     0.938            0.322
  2    Alanine                     0.877            0.327
  3    Valine                      0.769            0.320
  4    Threonine                   0.716            0.328
  5    Cysteine                    3.795            0.401
  6    Cystine                     0.745            0.321
  7    Leucine                     0.589            0.320
  8    Isoleucine                  0.727            0.336
  9    Asparagine                  0.596            0.325
  10   Serine                      0.485            0.268
  11   Methionine                  0.628            0.309
  12   Glutamine                   0.658            0.321
  13   Tryptophan                  1.062            0.315
  14   Phenylalanine               1.023            0.345
  15   Histidine                   0.934            0.322
  16   Tyrosine                    0.798            0.339
  17   Arginine                    0.636            0.311
  18   Lysine                      0.594            0.306
  19   Proline                     0.583            0.316
  20   Aspartate                   1.101            0.325
  21   Glutamate                   0.774            0.302

###### 

The content of impurities of emulsions in the presence of different pH-adjusting agents

  Amino acid   pH-adjusting agent (0.1 mol/L)   pH value   Impurity A (%)   Impurity C (%)
  ------------ -------------------------------- ---------- ---------------- ----------------
  Cysteine     Sodium hydroxide solution        7.2        3.795            0.401
               Potassium hydroxide solution                3.729            0.396
               Ethylenediamine solution                    3.087            0.351
  Histidine    Hydrochloric acid solution                  0.934            0.322
               Acetic acid solution                        0.622            0.274

**Abbreviation:** pH, potential of hydrogen.

###### 

The content of impurities of emulsions using lysine and leucine as antioxidants

  Lysine and leucine   Impurity A (%)   Impurity C (%)   
  -------------------- ---------------- ---------------- -------
  0.05                 1:1              0.789            0.296
  0.1                                   0.300            0.265
  0.2                                   0.836            0.304
  0.1                  1:9              0.301            0.260
                       2:8              0.352            0.261
                       3:7              0.283            0.267
                       4:6              0.244            0.254
                       5:5 (1:1)        0.302            0.268
                       6:4              0.290            0.258
                       7:3              0.326            0.261
                       8:2              0.367            0.265
                       9:1              0.285            0.263

###### 

The content of impurities A and C in six NMP emulsions

  No   Impurity A (%)   RSD (impurity A, %)   Impurity C (%)   RSD (impurity C, %)
  ---- ---------------- --------------------- ---------------- ---------------------
  1    0.251            0.02                  0.247            0.02
  2    0.247                                  0.252            
  3    0.252                                  0.254            
  4    0.245                                  0.252            
  5    0.249                                  0.244            
  6    0.246                                  0.248            

**Abbreviations:** NMP, nimodipine; RSD, relative standard deviation.

###### 

The content of impurities and consumption of sodium hydroxide solution

  Adjusting way             Impurity C (%)   Impurity A (%)   Consumption of sodium hydroxide solution (mL)
  ------------------------- ---------------- ---------------- -----------------------------------------------
  Adjusting pH value        0.336            1.063            1
  Antioxidants                                                
   NaHSO~3~/Na~2~S~2~O~5~   0.299--0.306     20.188--22.815   4--5
   Amino acids              0.268--0.345     0.485--1.101     0.2--0.5

**Abbreviation:** pH, potential of hydrogen.
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